The serotonergic pathway plays a major role in the development of obesity. Its activity can be modulated by the 5-HT transporter-linked polymorphic region in the SLC6A4 gene and the upstream variable number of tandem repeats polymorphism in the MAOA gene. We studied whether these genetic modulations have an influence on weight reduction and weight maintenance in a one-year weight reduction program (OPTIFAST Ò 52). The polymorphisms were genotyped by PCR in a sample of 135 female and 67 male subjects with severe obesity (44 ± 13 years, 122.3 ± 22.2 kg, BMI: 41.7 ± 6.7 kg/m 2 ). The program leads to a total weight loss of 19.9 ± 9.8 kg (16.9 ± 8.3 %) in women and 27.4 ± 13.6 kg (20.4 ± 9.9 %) in men. Anthropometric measurements and blood levels were determined at the start of the program (T0), after the weight reduction phase (T1) and after the subsequent weight maintenance phase at the end of the program (T2). Each polymorphism alone did not significantly influence weight loss or weight maintenance neither in men nor in women. However, women carrying both risk genotypes (SS and 3/3) displayed a lower total weight loss during the program (p = 0.05). This effect derived mainly from difficulties in the weight maintenance phase (p = 0.11), while the weight reduction phase was not affected (p = 0.61). No influence was found in men (p = 0.93). Modulation of the serotonergic pathway by carrying both risk alleles seems to influence success of weight loss programs in women with severe obesity due to problems in stabilizing body weight after weight reduction.
Introduction
Obesity is one of the most serious health problems in our society (York et al. 2004) . It is characterized by an excessive accumulation of body fat and is defined as a BMI of C30 kg/m 2 . Obesity is associated with a variety of diseases including hypertension, type 2 diabetes and coronary heart disease (Kopelman 2000; Bombelli et al. 2011) . Individual lifestyle factors, such as eating habits or physical activity, are major contributors to the development of obesity (Ogden et al. 2007 ). However, various genetic and neurobiological factors are also acknowledged to impact on the pathogenesis of obesity Need et al. 2006; Bray 2006; Rankinen et al. 2006; Winkler et al. 2012; Woehning et al. 2012) .
Serotonin (5-hydroxytryptamine, 5-HT) is known to influence the neuroendocrine functions, sleep, libido and body weight regulation (Leibowitz and Alexander 1998) . It has been observed that female subjects diagnosed with binge eating or bulimia have reduced central nervous 5-HT activity (Kuikka et al. 2001; Tauscher et al. 2001) .
5-HT is regulated, in part, by the serotonin transporter (5-HTT or SERT), which transports released 5-HT from the synaptic cleft back to the nerve terminal (Smeraldi et al. 2006 ). In the nerve terminal, serotonin is degraded by monoamine oxidase A (MAOA) which also degrades dopamine and norepinephrine. This pathway is influenced by polymorphisms in the promoter regions of both the 5-HTT and MAOA. Human 5-HTT is encoded by the solute carrier family 6, member 4 (SLC6A4) gene, which is located on chromosome 17q11.2 and is composed of 14 exons (Lesch et al. 1994) . 5-HTTLPR is a 44-bp insertion/deletion polymorphism leading to either a short (S) or long (L) variant (Lesch et al. 1993) . It has been demonstrated that the S allele is associated with a 40 % decrease in transcriptional activity in vitro Lesch et al. 1996; Hranilovic et al. 2004 ) and is associated with anxiety, affective disorder, diabetes and obesity in both human and animal studies (Sookoian et al. 2007 ; Lesch et al. 1996; Collier et al. 1996; Pluess et al. 2010) . Furthermore, this polymorphism has also been shown to be associated with nutritional impairment in female patients suffering from bulimia nervosa (Monteleone et al. 2006) .
In contrast, the human MAOA gene is located on chromosome Xp11.23 and consists of 15 exons (Sabol et al. 1998) . The transcriptional activity of the MAOA promoter is influenced by an upstream variable number of tandem repeats (uVNTR). The most common repeats (R) are the twofold, threefold, 3.5-fold, fourfold and fivefold (Sabol et al. 1998) . The presence of 3.5R and 4R alleles has been shown to lead to two-to tenfold greater transcription activity than either the 2R or 3R (Deckert et al. 1999; Sabol et al. 1998) . Studies have shown that the low-activity alleles are related to obesity and psychiatric disorders and may therefore influence the ability to reduce and maintain weight reduction in people who are prone to develop obesity (Need et al. 2006; York et al. 2004; Beach et al. 2010) . The association of 5R allele with respect to obesity and weight regulation remains unclear (Pluess et al. 2010; Collier et al. 1996) .
In this study, we have analyzed the 5-HTTLPR and the MAOA uVNTR polymorphism in 202 subjects with obesity undergoing a two-staged weight reduction program consisting of 12-week weight reduction period followed by 40-week weight maintenance period. It is hypothesized that the presence of polymorphisms in the 5-HTT and MAOA genes is associated with an impaired outcome of weight reduction and/or maintenance.
Materials and methods
The weight reduction program OPTIFAST Ò 52
All study participants were selected from the OPTI-FAST Ò 52 program (franchise holder Nestlé Inc., Switzerland) at the University Hospital of Heidelberg. This program is a 52-week lifestyle intervention which involves weekly group meetings and is under the supervision of doctors, nutritional advisers, psychologists and physiotherapists. The participants are C18 years of age and have a BMI C 30 kg/m 2 . The program is divided into four stages: (1) 1-week introduction; (2) 12-week active weight loss period with low-calorie formula diet (800 kcal) consisting of five protein shakes per day as meal replacements; (3) 6-week transition period in which the formula diet is slowly replaced by self-prepared low-calorie food and (4) 33-week long-term weight management period in which the participants are instructed in finding their optimal calorie intake for weight stabilization. All periods are supported by medical examinations, exercise sessions, behavior therapy and education on nutritional guidance.
For the purpose of this study, the described program was divided into two major phases: (1) the weight reduction phase, i.e., data from the beginning (T0) and after the weight reduction stage at 12 (T1), and the weight maintenance phase, i.e., data from T1 until the end of the program at 52-weeks.
Study population
This study involved 202 individuals with obesity who attended the OPTIFAST Ò 52 program at the University Hospital of Heidelberg between 2005 and 2010. A total of 135 women and 67 men aged between 18 and 72 years (mean age 44.4 ± 12.5 years) were involved in the study. Mean body weight at the beginning of the program (T0) was 122.3 ± 22.2 kg resulting in a mean BMI of 41.7 ± 6.7 kg/m 2 . From 202 participants, 135 (66.8 %) completed the program. The attrition rate was 33.2 %; 39 participants stated that this was due to the high financial cost for enrolling and attending the OPTIFAST Ò 52 program. Other reasons, given by 14 participants, included business-related factors, e.g., movement out of the Heidelberg areas due to a new job, low of employment or altered working schedule. Four participants became pregnant during the program, and eight left without stating any reason for early termination.
Anthropometrical and laboratory measurements
Fasting blood samples were collected at T0, T1 and T2. Blood glucose, total cholesterol, low density lipoprotein (LDL), high density lipoprotein (HDL) and triacylglycerols were measured in the central laboratory of the University Hospital of Heidelberg. Weight and height were assessed using standard methods and BMI was calculated as weight in kilograms (kg) divided by the square of the height in meters (m). Information regarding medical history, eating behavior and lifestyle factors was gathered using a standardized questionnaire provided by the manufacturer (Nestlé Inc., Switzerland).
Genotyping
Genomic DNA was isolated from 250 ll EDTA anticoagulated whole blood using the peqGOLD Blood DNA Mini Kit (PEQLAB Biotechnologie GmbH, Erlangen, Germany). Genotyping was performed using the polymerase chain reaction (PCR).
5-HTTLPR polymorphism
The reaction tube had a final volume of 50 ll which contained 32.75 ll distilled water, 10 ll Green GoTaq Ò Flexi Buffer, 3 ll MgCl 2 , 1 ll dNTPs (Fermentas GmbH, St. Leon-Rot, Germany), 1 ll forward (5 0 -GTTTTGTGTT GCCCTTGCCTAT-3 0 ) and 1 ll reverse (5 0 -CACCGCCCC TTGTACTTG-3 0 ) oligonucleotid primers (Eurofins MWG Synthesis GmbH, Ebersberg, Germany), 0.25 ll GoTaq Ò Flexi DNA Polymerase (Promega GmbH, Mannheim, Germany) and 1 ll genomic DNA. The procedure started with an initial denaturation step at 94°C for 10 min, followed by 42 cycles of denaturation at 94°C for 1 min, annealing at 60°C for 1 min, extension at 72°C for 1 min and a final extension step at 72°C for 5 min.
For the genotyping, we used a modified protocol of the previously published PCR procedure by Iordanidou et al. (2010) .
Polymerase chain reaction products were separated on a 3 % agarose gel and stained with ethidium bromide. The sizes of the two products were 705 bp and 749 bp.
MAOA uVNTR polymorphism
The reaction tube had a final volume of 25 ll which contained 14.5 ll distilled water, 5 ll Green GoTaq Ò Flexi Buffer, 1.5 ll MgCl 2 , 1 ll dNTPs (Fermentas GmbH, St. Leon-Rot, Germany), 1 ll forward (5 0 -ACAGCCTCGC CGTGGAGAA-3 0 ) and 1 ll reverse (5 0 -GAACGGACG CTCCATTCGGA-3 0 ) oligonucleotid primers (Eurofins MWG Synthesis GmbH, Ebersberg, Germany), 0.2 ll GoTaq Ò Flexi DNA Polymerase (Promega GmbH, Mannheim, Germany) and 1 ll genomic DNA. The procedure started with an initial denaturing step at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 30 s, extension at 72°C for 30 s and a final extension step at 72°C for 5 min. Primers and PCR procedure were previously published by Lung et al. (2011) .
Polymerase chain reaction products were separated on a 2.5 % agarose gel and stained with ethidium bromide. The sizes of the five products were: 2-repeats: 288 bp, 3-repeats: 318 bp, 3.5-repeats: 333 bp, 4-repeats: 348 bp and 5-repeats: 378 bp.
On each gel, a negative sample (water) and a Low Range DNA Ladder (Fermentas GmbH, St. Leon-Rot, Germany) were added.
Statistical analysis SPSS version 19.0 (SPPS Inc., Chicago, USA) was used for the statistical evaluation. Variables were expressed as mean ± SD. The 2R, 3.5R and the 5R variants of the MAOA polymorphism were not included in the analysis due to their low occurrence (\0.5 % each) as previously reported by Lung et al. (2011) . To analyze the 5-HTTLPR polymorphism, we compared the SS genotype to the SL and LL genotype for all subjects and subsequently for each sex separately. This analysis was chosen based on our findings that SL and LL genotype carriers displayed a similar weight course compared to SS genotype carriers, e.g., in female participants weight course in the maintenance phase was -0.2 kg in SS genotype carriers versus -2.9 and -2.0 kg in SL and LL genotype carriers. This model of analysis was also chosen by Yamakawa et al. (2005) .
As the MAOA gene is located on the X chromosome, no heterogeneous 3/4 genotype is found in men. For the MAOA uVNTR polymorphism, we compared the risk genotype 3/3 to the 3/4 and 4/4 genotype in women and the 3/3 to the 4/4 in men.
The risk group (R?) comprised the SS genotype of the 5-HTTLPR polymorphism and the 3/3 genotype of the MAOA uVNTR polymorphism. The low-risk genotype group (R-) was made up by the SL and LL genotype of the 5-HTTLPR polymorphism and the 3/4 and 4/4 genotype of the MAOA uVNTR polymorphism. R? was compared to the remaining group R-. This low-risk allele group was made up by the 4/4 and 3/4 genotype of the MAOA uVNTR and the LL and SL genotype of the 5-HTTLPR polymorphism. As the MAOA gene is located on the X chromosome, no heterogeneous 3/4 genotype can be found in men and is therefore not present in the male R-group. Due to this fact, all results concerning MAOA and risk groups had to be split up according to gender. The Wilcoxon-Mann-Whitney test was used to evaluate differences between the allelic groups. The allelic distribution was determined by the chi-square test (v 2 -test). p values B 0.05 were considered as statistically significant. This study was performed as a mono-centric longitudinal study, in which 202 non-related Caucasian subjects with severe obesity were analyzed for the 5-HTTLPR polymorphism in the SLC6A4 gene and the uVNTR polymorphism in the MAOA promoter gene.
5-HTTLPR polymorphism
Genotyping revealed that from a total of 202 subjects, 44 (21.8 %) carried the SS, 62 (30.7 %) the LL and 96 (47.5 %) the heterogeneous SL genotype. The minor allele frequency of the S allele was 46 % and allele frequencies were within Hardy-Weinberg equilibrium (p = 0.55). A total of 135 (66.8 %) subjects completed the program, while 67 (33.2 %) terminated early. Further analysis of only those individuals who completed the program showed that at baseline all subjects, men and women with the SS genotype had non-significant lower body weight compared to either the SL and LL genotype carriers (Table 1) . Furthermore, the female SS genotype carriers showed a trend for a reduced weight loss (SS: -16.9 ± 9.7 kg, SL & LL: -20.8 ± 9.8 kg, p = 0.07; Fig. 1a ) which was associated with a slightly less effective weight reduction phase (SS: -16.7 ± 3.1 kg, SL & LL: -18.2 ± 4.6 kg, p = 0.18) and a less successful weight maintenance phase (SS: -0.2 ± 9.4 kg, SL & LL: -2.6 ± 7.5 kg, p = 0.13; Fig. 1b) . In men, no differences between the genotypes could be observed (Table 1) . No effect on blood pressure, glucose levels or blood lipids was observed in the total population and in both gender groups with respect to the 5-HTTLPR Polymorphism.
MAOA uVNTR polymorphism
The MAOA gene is located on the X chromosome; therefore, a heterogeneous 3/4 genotype does not exists in men. As such, we compared the risk genotype 3/3 to the 3/4 and 4/4 genotype in women and the 3/3 to the 4/4 in men. In 131 women, 20 (15.3 %) subjects carried the 3/3, 51 (38.9 %) the 4/4 and 60 (45.8 %) the heterogeneous 3/4 genotype. The minor allele frequency of the 3R allele was 38 % and allele frequencies were within Hardy-Weinberg equilibrium (p = 0.74). In total, four participants were found to carry either the 2/3, 2/3.5, 3/3.5 and 4/5 genotypes and were subsequently excluded from the analysis due to their low occurrence, as has been previously reported (Lung et al. 2011) . One participant's results could not be interpreted although genotyping was repeated three times and therefore was also excluded from the analysis. In men, 25 (37.9 %) subjects carried the 3/3 and 41 (62.1 %) subjects carried the 4/4 genotype.
Further analysis of only those individuals who completed the program showed that body weight at baseline did not vary between the different genotypes for either men (p = 0.74) or women (p = 0.62). For women, the different genotypes did not influence weight loss during the weight reduction phase (3/3: -17.4 ± 4.8 kg, 3/4 and 4/4: -18.1 ± 4.4 kg, p = 0.54). However, female 3/3 carriers were observed to regain weight during the weight maintenance phase compare to the other genotype carriers (3/3: ?1 ± 10 kg, 3/4 and 4/4: -2.7 ± 7.6 kg, p = 0.09). This had an impact on total weight loss, with a trend for 3/3 carriers to lose less weight (3/3: -16.4 ± 10.9 kg, 3/4 and 4/4: -20.8 ± 9.7 kg, p = 0.07). At the end (T2) of the program, women carrying the 3/3 genotype had a significantly higher BMI compared to either 3/4 and 4/4 genotype group (3/3: 37.2 ± 4.7 kg/m 2 , 3/4 & 4/4: 34.1 ± 6.1 kg/m 2 , p = 0.03; Table 2 ). In contrast, no differences could be observed in men. Furthermore, there were no significant differences in blood parameters, blood lipids and blood pressures in either men or in women with respect to the MAOA polymorphism. The drop-out rate was not influenced by the polymorphism (men: p = 0.40; women: p = 0.40).
High-risk group R?
To establish whether the serotonergic pathway influences weight loss and/or maintenance, participants that carried the risk genotypes for both polymorphism (SS genotype of the 5-HTTLPR polymorphism and 3/3 genotype of the MAOA uVNTR) were grouped together as high-risk (R?) individuals and compared to the low-risk individuals (R-) consisting of the LL and SL genotype of the 5-HTTLPR polymorphism and the 4/4 and 3/4 genotype of the MAOA uVNTR.
For female participant, when both polymorphisms are expressed together, a significantly lower total body weight loss was observed (R?: -12.6 ± 8.4 kg, R-: -20.9 ± 9.8 kg, p = 0.05). However, the weight reduction phase was not influenced (R?: -16.7 ± 4.6 kg, R-: -18.4 ± 4.7 kg, p = 0.61). This effect was mainly caused by a regain of weight in R? carriers during the weight maintenance phase, whereas the R-group lost further weight (R?: ?4.4 ± 10.1 kg, R-: -2.5 ± 7.4 kg, p = 0.11; Fig. 1b) . Therefore, this resulted in a trend for a higher BMI in the female R? group at the end of the program (R?: 39.1 ± 6.2 kg/m 2 , R-: 34.7 ± 6.1 kg/m 2 , p = 0.09). No effect of the combined-risk alleles were observed in men; however, the systolic blood pressure in the male R? group was increased (R?: 157.2 ± 11.5 mmHg, R-: 139.4 ± 17.5 mmHg, p = 0.03). No changes in the diastolic pressure was observed. No significant associations of the R? genotypes on glucose level or blood lipids in both sexes were observed (Table 3) .
Discussion
This study has described that genetic modulation of the serotonergic pathway by the 5-HTTLPR and MAOA polymorphisms is associated with a reduced success in weight loss, particularly for women. It was found that female carriers of the SS genotype of the 5-HTTLPR polymorphism had a tendency toward a reduced weight loss for both phases of the study (weight reduction and weight maintenance). Female carriers of the 3R genotype of the MAOA uVNTR polymorphism were found to have a significantly higher BMI at the end of the program, as a result of an impaired weight maintenance phase. Carriers of both risk genotypes had significantly lower weight loss over the course of the whole program and were found to gain weight over the weight maintenance phase compared to other participants.
It has been previously shown that with respect to the 5-HTTLPR polymorphism, there is no association with weight loss (Yamakawa et al. 2005) . In this previous study, the 5-HTTLPR polymorphism was analyzed in a Japanese cohort. However, this weight reduction study was conducted in a cohort of Japanese participants who had only moderate obese (26.0 kg/m 2 ) and a lower overall weight reduction (-1.5 kg/m 2 ). Furthermore, the study did not involve either a weight maintenance phase or a gender specific analysis. This would suggest that due to these factors, the association between the 5-HTTLPR polymorphism and poor weight loss may have been clearly observed.
It has also been shown that genetic modulation of the serotonergic pathway by either 5-HTTLPR and MAOA polymorphisms play a role in the pathogenesis of obesity (Sookoian et al. 2007 (Sookoian et al. , 2008 Murphy and Lesch 2008; Need et al. 2006) . A higher prevalence of one or both risk alleles is associated with higher BMI values and/or body weight. However, this was based upon a comparison of obese and severely obese individuals, and no lean control groups were studied. In the studies of Sookian et al. (2008) , a correlation between the SS genotype of the 5-HTTLPR polymorphism and obesity was observed. However, the cohort studied was of a South American background and had a lower BMI (BMI of 30.0 ± 0.2 kg/m 2 ) compared to the cohort studied in the results presented here (BMI of 41.7 ± 6.7 kg/m 2 ). This might explain why we did not observe a higher BMI or body weight in carriers of the studied risk alleles at baseline.
Modulation of the serotonergic pathway has previously been shown to lead to obesity (Yamakawa et al. 2005; Ogden et al. 2012; Cervilla et al. 2006; Lesch et al. 1996) . SLC6a4 knock-out mice show reduced locomotor activity, which has been suggested to lead to hypoactivity, diminished energy expenditure and the deposition of energy into adipose tissue (Murphy and Lesch 2008) . It has also been shown that modulation of the serotonergic pathway leads to alterations in an individual's psychological state, with pharmaceutical modulation of this pathway being used as a therapeutic approach to the treatment of depression (Arias et al. 2003) . The prevalence of both 5-HTTLPR and MAOA polymorphisms have been associated with depression (Cervilla et al. 2006; Nakamura et al. 2000 ; Genes Nutr (2013) 8:601-610 607 Fuemmeler et al. 2009 ). This would suggest that risk genotype carriers in this study may have had a higher level of subclinical depression. It has been shown that depression is a likely contributor to obesity, particularly in women (Scott et al. 2006; Anderson et al. 2007) , and this might explain the observed differences in this study between male and female, although no assessment of depression was made. Nevertheless, this conclusion is supported by the studies which have shown that depression is known to affect both weight loss and maintenance, (Elder et al. 2012; Ogden et al. 2012 ), both of which were shown in our study to be critical in limiting weight loss for women carrying the risk alleles. Furthermore, Fuemmeler et al. (2009) have previously described a relationship between depressive symptoms and larger weight-categorized women. Modulation of the serotonergic pathway by either 5-HTTLPR or MAOA polymorphisms might therefore lead to elevated depression symptoms predominantly in women and ultimately a reduced weight loss and/or maintenance. Both polymorphisms have also been associated with other personality traits and disorders, such as impulsiveness and impaired self-control, both of which are known to lead to elevated body weight and obesity (Terracciano et al. 2009 ). This behavior may also be derive from biochemical alterations in areas of the brain responsible for emotional control (Lung et al. 2011; Sookoian et al. 2008; Cervilla et al. 2006; Zalsman et al. 2006; Pluess et al. 2010; Fortier et al. 2010) . Subjects carrying the low activity-related 3R genotype of the MAOA uVNTR polymorphism have been reported to have increased aggressive behavior. This personality trait is known to have direct impact on body weight, especially in women (Louise et al. 2012 ). Altered and/or heighted personality traits are likely to complicate weight stabilization and maintenance, particularly as theses aspects of weight loss require participants to acknowledge negative experiences and feelings concerning their weight.
It has also been shown that the brain structure of lean individuals are different compared to individuals who has been obese for more than 5 years . Altered brain plasticity, may also play a role in weight stabilization and maintenance, particularly following weight loss, as changes in brain structure will not occur immediately following a short-term weight loss period (Rosas-Vargas et al. 2011; Han et al. 2013) . Further studies are required in which both an assessment of a depression and brain structure are made to establish their potential contribution to successfully loss weight. ) T0-1 -6.3 ± 1.5 -6.5 ± 1.6 0.87* -7.8 ± 3.0 -7.3 ± 1.8 0.66* Weight (kg) T1-2 ?4.4 ± 10.1 -2.5 ± 7.4 0.11* -3.0 ± 7.2 -4.8 ± 11.5 0.91* BMI (kg/m 2 ) T1-2 ?1.4 ± 3.6 -0.9 ± 2.6 0.14* -1.1 ± 2.2 -1.5 ± 3.6 0. Our study, despite the findings, has several limitations. The population had an unequal distribution of males and females (67 vs. 135) . Gender bias cannot therefore be excluded with respect to the analysis of entire cohort. As the risk analysis was conducted based upon the gender, the overall sample size was low (Female R?: n = 6; R-: n = 54; Male R?: n = 5; R-: n = 25). Furthermore, it has been suggested that the 5-HTLLPR polymorphism also exists in a tri-allelic form with the long allele consisting of a L A and an L G subgroups. The latter having a similar transcriptional activity as the short allele (Nakamura et al. 2000) . It is unclear whether the presence of this 5-HTLLPR polymorphism affects our results. Another limitation of our study is that the results would not hold for statistical significance when they were controlled for multiple testing. Further research needs to be done to replicate the results.
Pathogenesis of obesity is complex in which a combination of both genetic and environmental factors lead to an individual becoming overweight and subsequently having problems with either weight reduction or maintenance (Elder et al. 2012) . The findings of this study supports the need for genetic analysis of obese individuals prior to weight reduction, as to help identify those who are at high risk of unsuccessfully weight loss. For such individuals, a personalized strategy can then be used, involving intensified psychotherapy and surgery, to help improve overall weight loss.
